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With climate change and increasing energy consumption there is a need for a change from fossil fuels 
to renewable energy. Norway has adopted both the emissions reduction goals of the Kyoto Protocol 
and from EU directives, and an EU directive that targets energy use in commercial buildings. Because 
the energy prices are rising and the costs of PV are decreasing, PV is becoming an interesting 
alternative to reduce energy consumption in commercial buildings and as means to reduce 
greenhouse gas emissions from commercial buildings. Building certification schemes are also giving 
the building sector incentives to reduce the environmental impact of buildings. In this thesis building 
certification using Building Research Establishment's Environmental Assessment Method (BREEAM) is 
considered.  
 
In the thesis, a case study in Oslo is used to quantify the potential for PV on commercial buildings in 
Norway, the feasibility of PV, emissions reduction by reducing energy demand from commercial 
buildings using PV, and PV's potential contribution on improving a commercial buildings BREEAM 
certification. The potential is determined by using a specific load provided to the case study based on 
the building's requirements to achieve goals of delivered energy based on the EU directive and 
Norwegian legislation on energy consumption of commercial buildings.  
 
The solar resource of Oslo is determined for the different facades and roof according to their 
azimuthal angles and panel inclination using measured solar resource data. Using the adjusted solar 
resource values, the size of the PV system and inverters to meet the load for the worst case scenario 
is determined, an increase of the load by 25 % and 50 % is also considered. The determined system 
sizes are simulated in HOMER for an average year to determine the average energy production from 
the systems and to determine the feasibility of the systems. Using the average yearly performance 







The thesis concludes that there is potential for PV on commercial buildings to meet a yearly load, but 
not a continuous load. PV systems are not feasible due to low irradiance and high system prices. The 
PV systems contribute significantly to the reduction of greenhouse gas emissions from commercial 
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Given the current state of climate change and the increasing energy consumption in the world, there 
is a need for reduced consumption of fossil fuels with emissions which have high global-warming 
potential (Everett 2012). As a contribution to the reduction of greenhouse gas emissions, 
photovoltaic systems on commercial buildings can reduce the consumption of electricity from the 
grid and thus reduce emissions.  
 
In this thesis, Norway is considered. In compliance with the Kyoto Protocol and EU directives, Norway 
is committed to reducing its emissions (Environment 2011, European Parliament 2010). Norway is 
also committed to reducing the energy use and emissions from commercial buildings to a "nearly 
zero energy" level by 2020 (Regionaldepartementet 2012). The energy on the grid in Norway is 
mostly from hydro power, so the most emissions associated with electricity on the grid is from power 
imported from central Europe where thermal power plants using fossil fuels are more common (NVE 
2011). To reduce emissions it is necessary to reduce the energy consumption from the grid.  
 
A method for reducing the electricity consumption from commercial buildings is using locally 
produced renewable energy. In this thesis the potential contribution from photovoltaics is 
considered using a case study. A large public commercial building was chosen as a case study which 
has goals of low environmental impact and high energy efficiency (Erlandsen 2013). The building has 
a specified goal of locally produced renewable energy of 600 MWh/year. This thesis analysed the 
potential to supply electricity from PV in façades and on the roof to reach the goal of locally 
produced renewable energy. The effects of an increase of the production goal with 25 % and 50 % 
from 600 MWh/year and supplying this increase with PV are also considered. The systems are sized 
using hourly measured solar and temperature data from 1995-2011 and the worst case year is used 






for an average year is simulated in HOMER to determine the performance of the system and the 
potential of PV. 
 
The mitigation of greenhouse gases is considered given the electricity production from the PV 
systems for the average year, simulated with HOMER, and the electricity from the grid, which is 
replaced by locally produced power from PV. The mitigated greenhouse gas emissions are then the 
global warming potential of each kWh from the grid replaced by power from the PV system, 
assuming PV has zero GHG emissions. 
 
An important aspect of all energy production is the feasibility of the system. The feasibility is 
considered using HOMER to calculate the cash flow of the system during its lifetime and to 
determine the payback period of the different system sizes. A feasibility analysis will be important 
when different renewable energy systems are being considered and to determine if there will be a 
need for policies to give incentives for investments in the technology. 
 
Building certification is playing a major role in getting incentives to strive for energy efficient 
solutions and to reduce emissions from buildings. It gives the building owners, builders and designers 
an idea of how energy efficient the building would be. Building Research Establishment's 
Environmental Assessment Method (BREEAM) is the leading building certification scheme in Norway 
and in the world (BREEAM 2014, NGBC 2014a). The certification scheme rates the buildings according 
to their environmental performance. In the thesis the contribution from the PV systems on a 
buildings BREEAM certification is considered using the PV systems contribution to reduce energy 







The thesis concludes that there is considerable potential for PV systems on commercial buildings in 
Norway and that PV systems will have a significant effect on reducing greenhouse gas emissions 
associated with commercial buildings in Norway. It is concluded that PV systems are not feasible and 
that the contribution of PV systems on the BREEAM certification is marginal. 
1.1 Background 
Given the current climate changes and increasing consumption of energy there is a need for more 
sustainable building planning and more energy efficient buildings (Everett 2012). To reduce the 
emissions from fossil fuels there is a need for change from fossil fuels to renewable energy. 
Commercial buildings are a large consumer of energy and take up large areas of land. There is then a 
great opportunity for installing renewable energy in areas where there is little environmental impact 
from installation and the production comes close to the consumers, thus reducing transmission 
losses and the need for large transmission lines, which are expensive and degrade the environment.  
 
Norway is committed to the IPCC and Kyoto Protocol to reduce its greenhouse gas emissions by 30 % 
of its 1990 levels by 2020 (Environment 2011). Norway also acknowledges the IPCC goals that global 
greenhouse gas emissions should peak in 2015 before being reduced by 50-85 % by 2050 compared 
to 2000 levels. Given Norway's commitment to reduce greenhouse gas emissions, it is necessary to 
have more energy efficient buildings and more renewable energy and reduced greenhouse gas 
emissions.  
 
There is strong pressure from project developers and government for new commercial building 
projects, especially public projects, to achieve high energy efficiency and have low energy demand. 
The EU building directive states that all new buildings should have low energy consumption and be at 
"nearly zero energy" level by 2020 (European Parliament 2010). The directive also states that 






"nearly zero energy" level by 2018. These goals are also stated by the Norwegian Government in 
Meld.st 28  (2011-2012) "Good buildings for a better society" and in the Government's climate report 
for 2012 (Mijøverndepartementet 2013, Regionaldepartementet 2012). The EU directive does not 
define the "nearly zero energy" level, so each country have to define their own "nearly zero energy" 
level (KRD 2010). The "nearly zero energy" level for Norway has been defined to be 60 kWh/m2/year 
delivered energy, which is energy delivered from the grid to the building per m2 of building mass per 
year.   
 
As stated above buildings owned and used by the government should set an example. The 
governmental building commissioner, Statsbygg, has incorporated the legislated goals into its 
environmental strategy  (Statsbygg 2013c). Statsbygg also states that all new buildings commissioned 
by 2030 by Statsbygg will be zero emissions buildings. For these goals to be achieved it is necessary 
to have local renewable energy production.  
 
To have a representative estimate of the potential and feasibility of PV on commercial buildings it is 
necessary to consider a case study. Given that the governmental building commissioner, Statsbygg, 
sets an example for other building commissioners as mentioned above, and has extensive 
environmental goals, it is natural to consider a building project where Statsbygg is the building 
commissioner. The case study is the new building for "The Norwegian Institute of Public Health" 









1.2 Rationale of the study 
The rational of this study is based on several factors: The power production mix in Norway; the 
consumers of electricity in Norway; Norway's obligation to reduce greenhouse gas emissions; PV 
system price development; the end user electricity price development in Norway; and building 
certification schemes. 
 
Given that currently 96 % of Norway's electricity supply is hydropower the emission reduction has 
the greatest impact elsewhere, and the building sector can play a major role (SSB 2014d). The 
different producers of electricity in Norway are presented in Table 1. From the Table it can be seen 
that hydropower supplies 96 % of the total energy production and that for 2012 Norway was an 
exporter of electricity with low imports. The Table does not give the entire picture of energy imports 
and exports as this happens uninterrupted between several countries so the origin of electricity is 
difficult to establish (NordPoolSpot 2014). For Norway to meet its emission reduction goal it is 
therefore necessary to reduce emissions elsewhere than the energy production industry as 
hydropower production has low or zero emissions. The largest contributor to greenhouse gas 
emissions from electricity on the grid is imports from mainland Europe. Therefore, to reduce 
emissions, electricity consumption from the grid must be reduced. (NVE 2011).  








Shown in Figure 1 is the energy balance and electricity consumption of different sectors from 2002 to 
2012 in GWh/year. The largest consumer of electricity is the manufacturing, mining and quarrying 
sector. This is mostly attributable to petroleum industry, aluminum industry and other heavy 
industry. The second largest consumer is households, the third largest consumer is private, and 
public services including defense, which commercial buildings is a part. Thus considering local 
renewable energy use on commercial buildings may reduce electricity demand and emissions.  
 
Figure 1: Energy consumption, by sector, time and contents electricity (GWh/year) for Norway (GWh) (SSB 2013) 
From Figure 2 it can be seen that there is a need for large reductions in greenhouse gas emissions if 
Norway is to reach the goal of reducing 2020 emissions to 20 % of 1990 levels. The total GHG 
emissions was 50 409 t/CO₂-e in 1990, which means a reduction to 42 008 t/CO₂-e in 2020. In 2012 
the total GHG emissions was 52 733 t/CO₂-e. The emissions peaked in 2007 and decreased to 2009 
before increasing in 2010 and decreasing towards 2012. The greenhouse gas emissions are still 2012 







Figure 2: Greenhouse gas emissions 1990, 2002-2012 t/CO2-e/year for Norway (SSB 2014b) 
Recent developments in photovoltaic technologies and module prices have made it interesting to 
consider the feasibility of roof mounted PV modules in Norway (EPIA 2011). The dissertation 
considers the feasibility of BIPV and roof mounted PV on commercial buildings and the contributions 
this can make in reducing the environmental impact of commercial buildings. The price trend for PV 
is shown in Figure 3. The price trend is decreasing rapidly from ± 6.18 AUD/Wp in 2000 to 1.8 ± 
AUD/Wp, which is a reduction of 70 %. Given the reduction in PV system prices it is then interesting 
to consider the potential for PV is Norway. 
 






Given in Figure 4 is the end user electricity price in Norway excluding taxes in AUD $/kWh. The trend 
of the Table is a linear increasing electricity price for all contract types. When comparing the 
electricity price trend with the PV price trend it is evident that PV is moving towards grid parity in 
Norway, making PV a feasible option.  
 
 
Figure 4: Electricity prices in the end-user market in AUD $/kWh by type of contract, time and contents 2001-2011 for 
Norway (SSB 2014a) 
 
The leading building certification scheme in Norway is Building Research Establishment's 
Environmental Assessment Method- Norway (BREEAM-NOR) (NGBC 2014a). BREEAM-NOR is an 
adaption of the international building and community certification scheme BREEAM. BREEM-NOR 
was launched 20 October 2011 and has currently 75 registered projects which are publicly available 
and 7 certified projects (NGBC 2014b, c). BREEAM now has over 250 000 buildings with certified 
BREEAM assessment and over 1 000 000 pending assessment since the certification scheme started 
in 1990 (BREEAM 2014).  
 
The BREEAM certification is used to describe the building's environmental performance (BRE 2012). 






BREEAM certifications for buildings will indicate an increasing demand for buildings with low 
environmental impact (NGBC 2014a). In the development of BREEAM-NOR the adaption of the 
scheme was conducted by people from the building sector, both from the private sector and public 
sector. The BREEAM certifications are given as Pass, Good, Very Good, Excellent and Outstanding 
(BRE 2012). In the certification, different sections affecting a building's environmental performance 
are given point scores, which in total give the final certification. For considering a PV system on a 
commercial building the Energy section is relevant. 
 
Different previous studies (Fernández-Infantes, Contreras, and Bernal-Agustín 2006, Rüther and 
Braun 2009, Bayod-Rújula, Ortego-Bielsa, and Martínez-Gracia 2011, Hammond et al. 2012) 
concluded that BIPV on commercial and residential buildings for different countries contribute 
considerable reduction in GHG emissions, that there is potential and the feasibility is low. There is 
then a need to establish potential to meet a load, feasibility and GHG emissions abatement for 
commercial buildings in Norway.  The aim of this research is to evaluate the feasibility of 
incorporating PV in a commercial building and their potential to meet the load as well as emissions 
reduction and contribution to BREEAM certification. 
 
1.4 Research questions 
To address the aim of the research, the following research questions are investigated in this thesis: 
1. Is there potential for roof and façade integrated PV on commercial buildings in Norway? 
2. Is roof mounted and facade integrated PV feasible on commercial buildings in Norway?  
3. What are the environmental benefits of façade integrated and roof mounted PV given the 
Norwegian energy mix? 







1.5 Organisation of the thesis 
The thesis is organised into nine Chapters where Chapter 1 gives the introduction of the study. It also 
contains the background for the study, the rationale of the research and the research questions. 
Chapter two presents previous work in the field of study.  
 
Chapter 3 contains the methodology used to answer the research questions and presents the 
methodology schematically in a flow chart. Chapter 4 presents the theory used for determining the 
solar resource at the site of the building, the temperature and the sun path and effects of shadowing. 
The theory for sizing the PV system and inverters is described and as well as the theory used for 
determining the performance of the PV system and the feasibility and environmental benefits of a PV 
system on a commercial building.  
 
Chapter 5 describes the case study which the methodology has been applied. Chapter 6 contains the 
analysis of the case study using the theory described in Chapter 4, including solar resource 
assessment, shading analysis and system simulation as well as the systems contribution to emissions 
reduction and impact on BREEAM certification. In Chapter 6 the results of the analysis are also 
discussed with reference to the research questions presented in Chapter 1. From the discussion, 
conclusions are derived in Chapter 7 that answer the research questions, further necessary studies 












2 Previous publications  
The publications on the thesis subject are divided between different research questions and topics. 
Some literature considers the feasibility of BIPV, some roof mounted PV and some the potential of 
BIPV and roof mounted PV. Little literature was found on the effect of PV on BREEAM rating. 
 
An important aspect for the rationale of this study is that there is a political incentive to have zero 
energy buildings. BIPV and zero energy buildings have been assessed by Kylili and Fokaides (2014). 
The paper also considers the potential for production from BIPV and the feasibility. It is a conceptual 
study with little focus on details. The paper considers six different cities in Europe, including Oslo. To 
consider the potential the building is assumed to be a cube. The solar resource is adjusted for tilt and 
azimuth for the different locations using a Matlab application. The paper also considers the output 
for the systems using simulation tool, PVsyst. The paper concludes that there is potential for BIPV in 
Europe and in Oslo. The study also concludes that BIPV is not feasible given the current market 
prices.  
 
Omer, Wilson, and Riffat (2003) consider the performance and economics of two BIPV system in the 
UK, a school building with thin film and a domestic building with crystalline PV roof slates. The 
system was found to be infeasible and the output of the systems had anomalies in its performance. 
This study was however conducted in 2003, and the market and technology has changed since then.  
 
Defaix et al. (2012) estimate the potential for BIPV. The paper considers the potential based on 
building specific characteristics and irradiation for different countries. The study concluded that the 







Bayod-Rújula, Ortego-Bielsa, and Martínez-Gracia (2011) consider the potential for roof mounted PV 
for different technologies with different tilt in Spain. They also consider the net present value, 
internal rate of return and CO₂ emissions abated by applying the different technologies. The study 
also considers the different spacing between the rows of PV modules and the shadow cast by the 
modules. 
 
Another paper, relevant for this study is Hammond et al. (2012). The paper considers environmental 
life-cycle assessment, energy analysis and economic cost-benefit analysis of BIPV. The paper 
considers mono crystalline roof tile PV modules on domestic buildings in the UK. The paper uses the 
energy payback period, which gives an indication of the potential of BIPV in the UK. The energy 
payback is concluded to be 4.5 years, which is considered good. There is also considerable GHG 
abatement by using BIPV. The system is however concluded to not break even over the system's 
lifetime of 25 years. 
 
Hwang, Kang, and Kim (2012) consider how to maximise power generation with a BIPV system on 
high rise buildings using two buildings in Korea. The study also considers how much of the generated 
power from the BIPV can account for the annual energy use of the high-rise buildings. 
 
Fernández-Infantes, Contreras, and Bernal-Agustín (2006) consider the sizing of a roof mounted PV 
system in Spain as well as the system's environmental benefits and economic and financial issues. 
The paper concludes that for the system to be feasible it is essential to have policy incentives such as 







The study by Rüther and Braun (2009) considers the potential for BIPV on an airport in Brazil and the 
BIPV contribution to achieving zero energy building status. The paper concludes that the airport can 
be a net energy exporter and a zero-energy building. 
 
Haase and Novakovic (2010) describe the potential of different renewable energies and their 
feasibility using a case study in Norway including BIPV. The study concludes that there is considerable 
potential.  
 
Most of the literature found in the field of feasibility, environmental benefits and potential of BIPV 
on buildings both commercial and residential, concludes there is potential but the systems are not 





















To answer the research questions it is necessary first to consider the solar resource. Given that the 
research questions are to establish the potential and feasibility for PV applied to commercial 
buildings it is necessary to adjust the solar resource data, which is given in the horizontal plane, to 
allow for tilt and azimuth angle for the different façades for façade integrated PV and for roof 
mounted PV.  
 
It is also necessary to consider the effects of temperature, as the performance of a PV panel changes 
as the temperature changes. Especially relevant are the maximum and minimum temperatures as 
these temperatures will be important also for the inverter sizing of the system.  
 
When the solar resource and temperature ranges of the site are established the system can be sized 
for a given load. Because there are different tilt angles and different orientations of the BIPV in 
different facades and PV mounted on the roof of the building will meet the load with separate 
systems as these have different solar irradiance and different Mpp. To ensure the load can be met, 
the system is sized to meet the load for the worst case scenario of solar resource and temperature.  
 
When sizing the system it is necessary to consider the space available for PV panels. This can be 
measured using architectural software when models of the buildings are available. These programs 
can also establish the effects of shading and the sun path. It is also necessary to consider the shadow 
cast by modules mounted on the roof and establish appropriate spacing between them to reduce the 
shadow cast onto modules placed in rows.  
 
When the system has been sized the inverters can be sized and chosen. The inverter size is chosen 






circuit current. The maximum and minimum voltages are also dependent on maximum and minimum 
temperatures as these will have an effect on the voltage from the system. The maximum current is 
produced at maximum temperatures. The inverter sizing will determine the size of the inverter or the 
number of inverters needed, as well as the maximum number of PV modules in one string and the 
total number of strings to the inverters. Depending on the system, either string inverters or central 
inverters can be used. The inverters are also sized considering worst the case scenario. 
 
When the system and inverters have been sized, the system performance can be simulated using 
simulation programs (NREL 2011). The simulation program will then give an hourly performance 
simulation for the system, given irradiation data and system characteristics. As with the inverter 
sizing and system sizing, it will be necessary to simulate the performance of different façade and roof 
systems as these have different tilts and orientations. The total system performance of all facades 
and roof areas to be considered will give the total system performance. When this simulation has 
been conducted the simulation output will give a good indication of the potential for PV on 
commercial buildings in Norway. 
 
The system performance simulation will give the basis for the feasibility analysis. As with the system 
performance simulation the feasibility analysis can be conducted with simulation software. Given a 
system price, electricity price and discount rate, the cash flow and payback period of the system can 
be determined. The payback period will then give an indication of the systems feasibility. Based on 
the system performance simulation, the environmental benefits of having a PV system can be 
established. The greenhouse gas abatement can be calculated given a carbon dioxide equivalent per 
unit of electricity from the grid. The amount of carbon dioxide equivalents abated by supplying 







To consider to what extent roof and façade mounted PV will affect the BREEAM certification it is 
necessary to consider the electricity contribution from the system simulation. BREEAM is a building 
certification scheme which contains ten different certification criteria based on the building's 
performance (BRE 2012). Each criterion is weighted differently depending on the characteristics of 
the country in which the building is sited. The result from the BREEAM analysis will give the building 
certification based on the building's environmental impact.  Each criterion is given credits based on 
the building's performance, the credits are added together and given an overall score for the building 
on a scale of Pass, Good, Very Good, Excellent and Outstanding. For this thesis the energy section of 
the BREEAM certification is relevant. In the energy section the building will be given points based on 
the energy supply and where the electricity originates from. With electricity provided from PV, more 
points will be awarded with increasing PV contribution, which will indicate the contribution from PV 
in terms of sustainability of electricity supply. The emissions abated using low emissions energy 
supply will also give credits. The total credits, which can be obtained, will then indicate to what 
extend PV will contribute to the BREEAM certification of the building. Figure 5 presents the 



























4.1 Solar resource assessment 
Most solar radiation data measured is global horizontal irradiance while the data required for sizing a 
PV system and considering its potential needs to be global irradiance in the plane of  the array, which 
is global horizontal irradiance adjusted for the tilt angle and the azimuth angle of the array (Page 
2003). Global horizontal irradiance consists of beam radiation, diffuse radiation and reflected or 
albedo radiation which needs to be separated into individual entities and adjusted for tilt and 
azimuth to get the global irradiance in POA. To take these considerations into account John Page's 
method in "The Role of Solar Radiation Climatology in the Design of Photovoltaic Systems" from the 
book "Practical Handbook of Photovoltaics" is was used (Page 2003). Global irradiance POA is given 
by:  
 𝐺(𝛽, 𝛼)  =  𝐵(𝛽, 𝛼)  +  𝐷(𝛽, 𝛼)  +  𝑅(𝛽, 𝛼) (1) 
 
Where G(β,α) global irradiation POA with tilt angle β at a given azimuth angle α, B(β,α) is beam 
irradiation POA, D(β,α) is diffuse irradiation POA and R(β,α) is reflected irradiation POA. B(β,α) is 
determined by: 
 𝐵(𝛽, 𝛼) = 𝐵𝑛 𝑐𝑜𝑠 ѵ(β, α) (2) 
 
Where Bn is the beam radiation in the horizontal plane and cos v (β,α) is the cosine of the angle of 
incidence of the radiation on the plane of array at a given azimuth. D(β,α) is determined by: 
 𝐷(𝛽, 𝛼)
𝐷ℎ
= 𝑓(𝛽)(1 − 𝐾𝑏) +





Where Dh is the diffuse radiation in the horizontal plane, 𝑓(𝛽) is a diffuse function for the slope β, 𝐾𝑏 
is the clearness index and 𝛾𝑠 is the solar altitude angle. R(β,α) is determined by: 







Where rg is ground slope factor rg = (1 – cos β)/2 and pg is the ground reflectance and Gh is the global 
horizontal irradiance. All the calculation steps are given in Appendix 1. 
4.2 Temperature 
Temperature is another parameter which is necessary to establish to consider the performance and 
sizing of PV systems (CleanEnergyCouncil 2013). The temperatures which are important for system 
sizing are the minimum and maximum temperatures as these will affect the operating voltage and 
current which is essential for inverter sizing which will be explained below. The temperature will also 
affect the system performance as the output of PV modules is affected by temperature. When the 
temperature decreases the voltage increases and current decreases, and when the temperature 
increases voltage decreases and current increases. This will then have an effect on the system size 
necessary to meet the load. 
4.3 Sun path analysis, effects of shadowing and area available for PV 
To conduct the sun path analysis the sun path tool in Revit Autodesk has been used by entering the 
longitude and latitude characteristics of the site and given the orientation of the building. The effects 
of shadowing can also be considered when conducting the sun path analysis. When the effects of 
shadowing have been taken into account, the areas of the building surfaces, which are not greatly 
affected by shadowing throughout the year, can be considered suitable for PV and are measured 
using the measurement tools in Revit and AutoCAD.  
 
The shading effects of the roof mounted PV modules will be considered using trigonometric functions 
based on the solar altitude angle and the measurements of the modules and the tilt angle of the 
module.  
 






 𝑆 = 𝐻/ tan 𝛼𝑠 (5) 
 
Where S is the shadow length and αs is the solar altitude angle and H is the height of the module 
when tilted.  The total area the panel requires is then the area of the PV module and the area of the 
shadow. The full calculation procedure is given in Appendix 2. 
4.4 System sizing 
For both the system sizing and the inverter sizing the Clean Energy Council's guideline  is used 
(CleanEnergyCouncil 2013).  
 
To be able to simulate the performance of a PV system it is necessary to establish the number of PV 
panels necessary to meet the load. The formula presented in the guideline can be adjusted to 








Where N is the number of modules. Explanation of the different parameters is given in Appendix 3. 
The system will be sized separately for each façade and the roof and the total system will match the 
load. 
4.5 Inverter selection and sizing 
The next step is inverter selection and sizing. The system will have multiple inverters as it has three 
different tilt and azimuth angles with different amounts of modules for each section. Inverters are 
rated for maximum DC input power or the size of the array in Wp, maximum DC input current and the 
maximum output power in AC which can be supplied to the grid (CleanEnergyCouncil 2013). The 
array peak power is determined by: 







The inverter's nominal AC power output rating should not be less than 75 % of the array peak power 
output and should not exceed the manufacturer's maximum allowable array size specifications. If the 
maximum allowable array size is not specified the inverter size should be matched to the array, 
allowing for array de-rating factors.  
 
Matching of the inverter and array voltage is essential (CleanEnergyCouncil 2013). The maximum 
power point voltage of the system will vary with temperature. Inverters often have voltage operating 
windows where maximum and minimum voltage is defined by the manufacturer. The maximum 
voltage limit is defined as the limit where, if exceeded, the inverter is damaged. If the voltage is 
below the minimum limit the output will be greatly reduced or the inverter will not operate. 
 
To have the best possible system performance the operating voltages of the inverter should be 
matched to the output voltages of the array (CleanEnergyCouncil 2013). The maximum voltage of the 
inverter should never be reached to minimise the risk of damage to the inverter. The maximum and 
minimum daytime temperatures are required to design the system so that the output voltage of the 
array does not fall outside the voltage window of the inverter.  
 
As the voltage increases with the number of modules per string the maximum and minimum amount 
of modules per string must be determined (CleanEnergyCouncil 2013). The minimum amount of 





















The total short circuit current of the array must not exceed the maximum DC input of the inverter. 
The size of inverter necessary and amount of inverters needed are then based on the total short 
circuit current into the inverter and the rated short circuit current of the inverter, maximum input 
power of the inverter and number of DC inputs available. The full calculation method and 
explanation of parameters is given in Appendix 4. 
4.6 Simulation of the system in HOMER, feasibility analysis and 
environmental benefits 
For the system simulation, HOMER Legacy version 2.68 is used. HOMER Legacy is an energy system 
optimisation simulation tool which can consider both grid connected systems and off grid systems 
(NREL 2011). The National Renewable Energy Laboratory developed the software. The necessary 
inputs HOMER needs to run a system simulation are technology options, component costs and 
resource availability. Given these inputs, HOMER simulates different system configurations and 
presents a list of configurations sorted by net present costs.  
 
HOMER simulates the system performance based on an hourly energy balance for the entire year 
(NREL 2011). The software compares the output of the system with the energy demand if connected 
to a load for each hour and calculates the flow of energy to and from the different system 
components, if connected to the grid the total production is established.  
 
Energy balance calculations are conducted for the system configuration of interest. These will 
determine whether the system configuration is feasible and can meet the load under the given 
specifications (NREL 2011). HOMER estimates the costs of installing the system and operating it over 
its lifetime. The system costs calculation considers discount rate, fuel costs, operation costs, 
replacement costs and capital costs. HOMER can also conduct an emissions analysis of the system by 






4.7 BREEAM analysis 
The BREEAM rating is based on benchmark ratings which are based on the percentage of the credits 
available being obtained (BRE 2012). The percentage of credits obtained and the BREEAM rating is 
given in Table 2. 
Table 2: BREEAM 2009 rating benchmarks (BRE 2012) 
 
Based on the total credits obtained in all the ten categories the building is given a final BREEAM 
rating (BRE 2012). The different categories are weighted with respect to each other and to country 
specific conditions, e.g. water will have low weighting because access to clean water is easily 
available in Norway. The weighting for the different categories is given in Table 3. 
Table 3: BREEAM 2009 environmental weightings (BRE 2012) 
 
The relevant weighting for this thesis is new buildings, extensions & major refurbishment and the 
relevant section is energy, which is weighted at 19 %.  
 
The total amount of credits available in the energy section is 24 for an office building divided into 14 






type (BRE 2012). The relevant categories for contribution from a PV system under the energy section 
are Ene-1 "Energy efficiency" and Ene-5 "Energy supply with low greenhouse gas emissions". These 
two categories amount to 16 of the total 24 credits available. The maximum contribution to BREEAM 
rating from PV is then 12.73 % of the total 19 % for the energy section if all 16 credits are achieved.   
 
For Ene-1, credits are given based on the percentage improvement in the building's calculated 
delivered energy (BRE 2012). The base for the improvement in delivered energy is based on an 
energy mark of C in the Norwegian energy labelling scheme. The performance improvement is 
calculated as a percentage: 
 𝐵𝑎𝑠𝑒 (𝑘𝑊ℎ/𝑚2) − 𝐼𝑚𝑝𝑟𝑜𝑣𝑒𝑚𝑒𝑛𝑡 (𝑘𝑊ℎ/𝑚2)
𝐵𝑎𝑠𝑒 (𝑘𝑊ℎ/𝑚2)
∗ 100 = 𝐼𝑚𝑝𝑟𝑜𝑣𝑒𝑚𝑒𝑛𝑡 % 
(10) 
 
The credit scale is based on the percentage improvement achieved and is given in Appendix 6. 
 
For Ene-5, three credits are given by fulfilling three requirements (BRE 2012). The first requirement 
and first credit is that the feasibility study and planning is conducted thoroughly as described in the 
BREEAM technical manual and that an "energy specialist" has conducted the feasibility study in the 
concept stage of the project. The second requirement and credit is that the first credit and 
requirement is fulfilled and that the renewable energy results in a 15 % reduction in the building's 
GHG emissions, and that figures used in calculating the emissions reductions are based on the output 
of recognised energy modelling software. The last requirement and third credit is awarded if the first 
two are achieved, and that there is an emissions reduction of 35 %, given the same requirements as 
for the second credit. The emissions reductions are calculated: 
 𝐶𝑟𝑒𝑓 − 𝐶𝑑𝑒𝑙𝑖𝑣
𝐶𝑟𝑒𝑓








Where Cref is the reference emissions of CO2 equivalents, given that 60 % of the heating needs are 
covered with energy sources other than electricity from the grid and fossil fuels. Cdelvered is the 
delivered energy when the PV system is replacing electricity from the grid. 
5. Case study 
5.1 The Norwegian Institute of Public Health 
For the Thesis the new construction and rehabilitation of “The Norwegian Institute of Public Health” 
(NIPH), which is a research facility working to improve the health, quality of life and legal protection 
of the population, is used as case study (FHI 2013). The building commissioner is Statsbygg on 
contract from the Ministry of Health and Care Services, which is the assigner. (Statsbygg 2013b). 
 
NIPH is a good case study for this thesis because it has been stated in the contract agreement to the 
building commissioner from the assigner that their buildings have ambitions to be examples to follow 
in energy efficiency and environmental performance (Statsbygg 2013a). There is an ambition that 
NIPH should exceed current minimum requirements stated in laws and regulations. Considering the 
development within the field, such an ambition will require projecting for the future energy and 
environment demands.  
 
Given the current political climate with the EU directive (European Parliament 2010), government 
legislation (Regionaldepartementet 2012)  and the government's climate report 
(Mijøverndepartementet 2013) it has been stated in the environmental ambitions document 
regarding NIPH that the energy use and climate gas emissions over the lifetime of the building to be 







The energy use goal of the building has been stated to be "almost zero energy building". This has 
been defined to be passive house rating, which is 80 kWh/m2/year, −25 % of delivered energy 
(Statsbygg 2013a). This then states it is to be a building with local production of energy. The current 
definition for "almost zero energy building" has been stated to be delivered energy of 60 
kWh/m²/year (KRD 2010).  
 
NIPH building will be located at Lat/Lon: 59° 56" 03" N   10° 44" 45" E in the centre of Oslo where a 
new building is to be commissioned and old building infrastructure is to be rehabilitated (Kartverket 
2014a, Arkitektformidling 2011). The NIPH uses 1.85 ha in the area where the new building is to be 
built, and where the buildings to be rehabilitated are sited. The area is surrounded by a "garden city", 
which is considered a heritage area, church and graveyard, school and college and building 
complexes. NIPH's location in Norway and Oslo is shown in Figure 6.  
 
Figure 6: NIPH location (www.google.com.au/maps) 
 
The area where the new building is to be built currently has three buildings, which are heritage 
protected and are to be rehabilitated, which amounts to 7000 m² (Ratio 2014a). The new building 
mass is 42 000 m² and is projected to have 1300 work places. In this thesis only the new building 







The main uses of the building are research, laboratory and office work (Erlandsen 2013). The new 
building will consist of mainly two different areas, office space and laboratory space, which will have 
different load requirements. The office space is 60 % of the total new building mass  and the 
laboratory area is 40 % (Rigstad 2013). The net energy requirements for the new building are 
maximum 80 kWh/m², this is then weighted for the different building categories giving a maximum 
delivered energy of 70 kWh/m²/year for the office area and 95 kWh/m²/year for the laboratory area. 
 
In addition to the building's present goal of 60 kWh/m²/year, it has further ambitions to achieve 40 
kWh/m²/year of delivered energy (Erlandsen 2013). For these goals to be achieved it is necessary to 
have a minimum production of 600 000 kWh/year from PV. For simplicity this is assumed to be the 
load in this thesis. A model of the building is shown in Figure 7. 
 
Figure 7: Model of the new NIPH building (Ratio 2014a) 
 
To meet the load of 600 MWh/year the building will have façade integrated PV modules and roof 
mounted PV modules. Since Oslo is located in the northern hemisphere, the most beneficial facades 
are the south west façade and south east façade (Page 2003). Power production from north facing 
facades would be minimal. Since the PV will be façade integrated, the tilt of the panels would be 90˚. 






power production. The structure is two buildings connected by a passage, a model of the building 
including orientation is given in Figure 7. Both buildings will have BIPV on the south west and south 
east facades and roofs. The south west façades face 30˚ west of south, the south east façades -60˚ 
west of south. 
 


















6. Analysis and results 
6.1 Solar resource assessment 
Estimates of solar radiation are essential to determine the power production from PV (Byrkjedal et 
al. 2013). There are currently much more solar energy plants in Sweden and Denmark than in 
Norway. One of the reasons is the low availability of solar resource data for Norway. 
 
There is now an initiative started by the Norwegian Institute for Energy Technology and Kjeller 
Vindteknikk to gather and assess solar data (Byrkjedal et al. 2013). From their initiative, solar data 
from the Norwegian University of Life Sciences (NMBU) in Ås has been made available (Thue-Hansen 
and Grimenes 2014). From NMBU there are consistent measurements from 1987 to 2012. Ås is 
located 30 km south of Oslo at Lat/Lon: 59° 39' 57" N   10° 45' 58" E, while the new Institute for 
Public Health is located at Lat/Lon: 59° 56' 03" N   10° 44' 45" E (Kartverket 2014a, b). Since the two 
sites are located close to one another the data from NMBU can be considered suitable for NIPH. 
 
The data from NMBU is given in the horizontal plane so it is necessary to calculate the data taking 
into account a tilt of 90˚ and azimuthal orientation for the different facades of the building. And also 
the tilt of 60˚ for the roof mounted PV and azimuth. 
 
To consider the PV needed it is necessary to consider each façade and the roof separately because 
they have different azimuthal orientation and will have different output and Mpp. The monthly 
measured global irradiance, diffuse irradiation and ground reflectance for the horizontal plane are 
given in Appendix 7. The irradiation values have been summarised from hourly values to monthly 
values for 1995-2011. 2006 has been left out because of inconsistent measurements. 2012 has been 






The first PV solar resource to be analysed is for the roof. The panels on the roof will be tilted 60˚, 
which is the same as the latitude angle to ensure the maximum possible output (Page 2003). Because 
the building is in the northern hemisphere the best azimuthal angle is due south, azimuthal angle 0˚. 
The different steps in the calculations are given in Appendix 8.  
 
The solar resource is separated into three different components: Beam irradiation, diffuse irradiation 
and ground reflected irradiance, which are then adjusted for tilt and azimuth. The three components 
added together give global irradiance in the plane of array. The solar resource data for a panel with 
tilt angle of 60˚ and an azimuth angle of 0˚ are presented in Figure 9. The average monthly global 
irradiance for tilt angle 60˚ and azimuth angle 0˚ are presented in Figure 10. 
 







Figure 10: Average monthly global irradiance (kWh/ m2/month) adjusted for tilt angle 60 ˚ and azimuth angle 0˚ 
 
The next to be analysed is the south west facing façade. The façade has an azimuth of 30˚ and a 
panel tilt of 90˚. The adjusted yearly global irradiance for tilt angle 90˚ and azimuth angle 30˚ is given 
in Figure 11. The monthly average global irradiance is given in Figure 12. The full calculations are 
provided in Appendix 9.  
 







Figure 12: Average monthly global irradiance (kWh/ m2/year) adjusted for tilt angle 90˚ and azimuth angle 30˚ 
 
The last façade to be considered is the south east facing façade. The panels will also have a tilt of 90˚ 
and the azimuth angle will be -60˚. The yearly global irradiance adjusted for tilt angle 90˚ and 
azimuth angle -60˚ is given in Figure 13. The monthly average global irradiance is given in Figure 14. 







Figure 13: Yearly global irradiance (kWh/ m2/year) adjusted for tilt angle 90˚ and azimuth angle -60˚ 
 
 







6.1.1 Discussion solar resource assessment 
For a site to have potential for power production from PV it is essential to have a sufficient solar 
resource. Because commercial buildings will have facades facing different directions which can be 
suitable for BIPV applications, it was necessary to consider the solar resource for the different 
azimuthal angles and tilt angles. From Figure 9 we can see that the yearly global irradiance has been 
stable at approximately 1200 kWh/m²/year. The trend is a slight increase from 1995 to 2011. The 
solar resource for an array tilted at 60˚ and an azimuthal angle of 0˚ can be said to be a medium-low 
solar resource as sites with sunny conditions can get over 2000 kWh/m²/year (Boyle 2004). In Figure 
10 the monthly global irradiance for an average of the years 1995-2011 is displayed in 
kWh/m²/month. The graph shows a pattern where there is little solar irradiance in the winter 
months November, December, January and February. For the worst months the resource is 
approximately 20 kWh/m2/month, while in the summer months with peak solar irradiance the 
irradiance reaches 170 kWh/m²/month. From this graph it can be seen that there is a significant 
variation in the solar resource throughout the year. For a solar system to meet a base load over the 
year, it would require a very large PV system to be able to meet the loads in the winter months, 
while there would be considerable excess power production during the summer. From this it can be 
deducted that a solar PV system for this location is not suitable to meet a base load, however to 
meet a total production goal during a year the variation in the solar resource during the year would 
be of little significance. 
 
Figure 11 displays the yearly global irradiance for a panel tilted at 90˚ and an azimuth angle of 30˚ 
west of south for the years 1995-2011. The resource is expected to be poorer as the array is now not 
facing directly south and the panels have a higher inclination than optimal (Page 2003). When 
comparing Figure 11 with Figure 9 the trend is more evident and variations between the years are 






the south facing roof panels. The resource quality is less than for the south facing array with a tilt of 
latitude angle. For the south west facing façade there is large variation between the best year and 
the worst year. The worst case year has global irradiance of 950 kWh/m²/year which can be 
considered a poor resource, the best year has a resource of 1100 kWh/m²/year which is close to that 
of the south facing array and can be considered a medium-low resource. From the graph the average 
resource is approximately 1050 kWh/m²/year which can be considered as a low-medium resource. 
When considering the variation for the months in Figure 12 for an average year the pattern is the 
same as in Figure 10. For the south west facing array the irradiation is approximately the same as the 
south facing arrays during the winter. The higher tilt then seems to be compensating for the array 
facing to the west of south compared to the south facing façade with lower tilt as the sun is lower in 
the sky and higher tilt is beneficial. The peak in the solar irradiance is lower during the summer with a 
maximum of approximately 150 kWh/m²/year. The sun is then higher in the sky favoring lower tilt 
angles.  
 
The global irradiance for the years 1995-2011 for the façade with a tilt angle of 90˚ and an azimuth 
angle of -60˚ west of south facing south east is given in Figure 13. The arrays are facing further away 
from south compared to the south west façade so the resource is poorer. The global irradiance has 
the same pattern as for the south west façade, but the fluctuations are even greater. The year with 
the poorest resource has a global irradiance of approximately 840 kWh/m²/year while the best is 970 
kWh/m²/year. There is also an increasing trend. The variations between the years are enhanced as 
the array is facing further away from south and the resource is poorer. The monthly global irradiance 
for the average year in Figure 14 has the same pattern as for the south and south west facing arrays 







To conclude the solar resource assessment, the solar resource for the directly south facing array with 
a tilt of 60˚ is the best resource and the most suitable for PV applications. The variation throughout 
the year is large for all the different tilts and azimuth angles making the resource unsuitable to meet 
a base load, but the resource is sufficient to meet a total production goal, which is considered in this 
thesis. The most suitable placement of PV arrays is also dependent on other factors such as shading, 
available area and costs, which will be discussed later.  
 
6.2 Temperature 
For the temperature analysis, temperatures measured from 1995 to 2012 at NMBU were used (Thue-
Hansen and Grimenes 2014). In Figure 15 the minimum, maximum and average temperatures 
throughout the year for Ås are given in degrees Celsius. The maximum and minimum values in the 
Figure are maximum and minimum monthly hourly values for the period 1995-2012, while the 
average temperatures are mean hourly temperatures aggregated for each month from 1995-2012 
and then aggregated for the year. Temperatures are only considered when there is measured solar 
irradiance. Years 2002, 2006 and 2010 have been discarded due to inconsistency in the data. The 
yearly temperature variation minimum, maximum and average temperatures from 1995 to 2012 are 
displayed in Figure 16. The Table with hourly minimum, maximum and average temperatures for 







Figure 15: Temperature, average, min, max NMBU in ˚C 
 
 
Figure 16: Yearly average min, max and average temperatures NMBU 1995-2012 in ˚C 
 
6.2.1 Discussion temperature 
Temperature is a factor which affects the performance of a PV system. In Figure 15 the average 
minimum and maximum temperatures for the years 1995-2012 are given. The minimum 
temperatures are well below -20˚C and the maximum temperatures close to 30˚C. When considering 






suitable for PV systems as the voltage and output is reduced with increasing temperature, and the 
temperature rarely exceeds STC (ErtexSolar 2014, REC 2013). The current does however increase 
with increasing temperature, but not as much as the voltage decreases. The average temperature for 
all the months is below 20˚C with the highest average temperature in July of approximately 16˚C. The 
lowest average temperatures are in the winter months December, January and February with around 
-2˚C. In Figure 16 the temperature trends for the average minimum, maximum and average 
temperatures for each year 1995-2012 are shown. From the Figure it can be seen that the 
temperatures have been stable, with little variation over the years. 
 
Given these temperature ranges, the temperatures are well suited to PV systems. 
6.3 Sun path analysis and effects of shading 
Autodesk Revit was used to simulate the sun path and the effects of shading for summer solstice and 
winter solstice for the building at the given latitude and longitude. The Revit and AutoCAD models of 
the building were created by Ratio architects who are the architects employed by Statsbygg for the 
NIPH project (Ratio 2014a). The effects of shadowing at noon on winter and summer solstice are 
shown in Figure 17 and 18. In Figure 19 and 20 the sun path on summer winter and summer solstice 
for the building is shown.  
 







Figure 18: Shading pattern summer solstice (Ratio 2014b) 
 
Figure 19: Sun path summer solstice (Ratio 2014b) 
 
Figure 20: Sun Path winter solstice (Ratio 2014b) 
 
When the effect of shadowing is known and the sun path is known the amount of space available for 
PV can be determined by measuring the areas which are not affected by shadowing on the roof and 







 When considering the available space on the roof it is necessary to consider the shadows the PV 
modules on the roof cast and how much distance between each row of panels is necessary. It is 
necessary to consider the tilt angle which is 60˚ and the characteristics of the PV modules given in 
the datasheets for the PV panels. For this study the REC Solar Peak Energy series REC260PE is used 
(REC 2013). The datasheet is given in Appendix 12. The shading affects will be considered for solar 
noon, when the panels are directly facing the sun. The panel's shading effect, which will be used for 
this analysis, is the average shade length for the year, which is of 2.23 m2. The reason the average 
length for the year is chosen is that the output is minimal in the months with high solar altitude 
angle, which can be seen later in the thesis, thus there is a trade-off between space utilisation and 
power production. The solar altitude angles for the different days during the year are given in 
Appendix 13. The length of the shadow cast by the module on the different days is given in Appendix 
14. The total area for each panel is then the area of the shadow cast including the area of the panel 
itself, considering inclination of the panel. The measurements are given in Figure 21. 
 
Figure 21: Measurements of PV module included effects of shading 
 






6.3.1 Discussion sun path and effects of shading 
From the sun path analysis in Figure 19 and 20 it can be seen that there is a large difference in day 
length and solar altitude angle between the summer and winter solstices. With the low sun in winter 
there will be much shading, in the summer the effects of shading are less. There will be effects of 
shading especially on the roof of the building with the end closest to the south, which is at a higher 
level than the rest of the building, which can be seen in Figures 17 and 18. For simplicity, the effects 
of shadowing on the roof are ignored. On the south east façade there are some effects of shading 
especially in winter. These shadowing effects are taken into account when the area available for PV is 
considered. The effects from shading from the roof mounted modules are considered and are 
presented in Figure 21. The total area of the shadow is 4.45 m² allowing for some effects of 
shadowing in the worst solar months, November, December and February. As seen in the discussion 
section on solar resource assessment (6.1.1) the output is going to be low during the winter months 
because the solar irradiance is low. Small losses in production are expected so these effects are 
ignored in the system sizing and in the HOMER analysis, which will be discussed later. The effects of 
shadowing from surrounding buildings and other obstructions have been ignored.  
 
Given that there is little sun in the winter and much shading, this indicates that the potential for 
power from PV is low in the winter months, as also discussed in section 6.1.1. Since there is much 
shadowing and little solar irradiance in the winter there is a trade-off between space utilisation for 
PV and production, which needs to be considered. 
6.4 Area available for PV 
The area which is available for PV modules are shown in the Figures 22, 23 and 24, highlighted with 
green. The areas which are considered to be suitable for PV are the areas which have little shading 







Figure 22: Area available for PV south east facades (Ratio 2014b) 
 




Figure 24: Area available for PV roofs (Ratio 2014b) 
 
The area available was obtained by measuring the areas in Revit and AutoCAD. Available area for PV 
on the roof is 4957 m², on the south east façade 1823 m² and for the south west façade 861 m².  
6.5 System sizing 
To size the system it is necessary to consider the area available for PV on both facades and the roof 
which is given in the above section.  The systems have been sized to match the worst case 






When considering the de-rating effects of temperature, the highest average yearly temperature has 
been used because the voltage decreases as temperature increases, giving lower power output.  
 
As the different facades and roof have different orientations and tilt of the arrays these have been 
considered as separate systems, which combined will meet the load. 
 
The modules which are used on the facades are BIPV from Ertex, the model is VSG2-ISO 0.5 
(ErtexSolar 2014). The datasheets are given in Appendix 15. These are monocrystalline modules with 
a rated power of 340 Wp/m2 and a size of 2 m2. These specific modules are chosen due to their 
insulating capabilities which are important for achieving passive house standard and BREEAM rating 
(StandardNorway 2012, BRE 2012). 
 
For the system sizing of the roof area, monocrystalline modules from REC are used, the model is REC 
Peak Energy Series REC260PE (REC 2013). These modules are made by a Norwegian based company 
which makes purchase and import easier. The modules are also made to withstand snow loads and 
high wind speeds which are a possibility in Oslo. Datasheets are given in Appendix 12.  
The system has been sized to match the load, with a load increase of 25% and 50%, which are given 












































































By plotting the output versus system size for the different systems on the facades and the roof, 
functions can be derived for system sizing at similar locations, assuming the same components and 
solar and temperature conditions. The graph and function for the total system is given in Figure 25, 
the graphs and functions for the subsystems are given in Appendix 17. 
 
 
Figure 25: System size vs load total system (MWh/year) 
 
In the system sizing calculations, a de-rating factor for dirt of 97 % has been assumed. The inverter 
subsystem for cables between the inverter and switchboard is assumed to have an efficiency of 97 % 
and 99 % efficiency for the sub system from the array to the inverter has been assumed. Mppt 
efficiency of 100% and inverter power factor of is 100 % is assumed. No losses due to effects of 










6.5.1 Discussion system sizing 
For the system sizing emphasis has been put on maximising the PV on the facades. Because the PV 
used on the facades can replace façade material these modules will come at a lower cost than roof 
mounted PV, which will be discussed later in the feasibility section (6.8.1). The load, which the case 
study is going to cover with power production from the PV system, is 600 MWh/year. It is important 
in the sizing that the worst case scenario is used to ensure that the production goal can be met, even 
if there is a year with low solar resource. To consider the system size necessary to meet the load, the 
solar resource for the worst year in Figures 9, 11 and 13 has been used. Also the maximum average 
yearly temperature in Figure 16 has been used.  
 
The system sizes are given in Table 4. The system which meets the 600 MWh/year production goal, 
stated in chapter 5.1, consists of a 310.08 kWp system on the south east façade, 146.54 kWp system 
on the south west façade and 271.7 kWp system on the roof, giving a total system size of 728.28 
kWp. The systems mounted on the south east and west facades are then maximised and take up all 
the available area on the facades to reduce costs. The roof system can barely fit on the roof with 
4735.22 m² of 4957 m² utilised for PV. The roof is then considered with only PV and no other 
obstructions such as pipes, ventilation etc. The system has also been considered when the load 
increases to 750 MWh/year and 900 MWh/year. The system is then increased so that the ratio 
between PV on the different facades and the roof increases equally compared with the 600 
MWh/year system. The total system size meeting the 750 MWh load is 387.6 kWp+182.92 
kWp+339.56 kWp=910.08 kWp. For the system meeting the load of 900 MWh the total system size is 
464.78 kWp+219.64 kWp +407.68 kWp=1092.1 kWp. When the load increases the area demanded 







From the system sizing an equation for sizing a system for a given output per year on a commercial 
building has been derived by plotting system output versus system sizes in Figure 25: 
 𝑦 = 0.8243𝑥 + 0,1114 (12) 
 
Where y is the output in MWh/year and x is the system size in kWp. The equation shows that there is 
a linear relationship between system size and output for PV on commercial buildings in Norway. 
Equations for sizing the facades and roof are given in Appendix 17, keeping in mind that these 
equations are given for the specific PV modules used in the analysis and their specifications.  
 
From this it can be deduced that there is potential for meeting a large production goal with PV in 
Oslo but space is going to be a major restriction, especially for roof mounted PV, as with high tilt the 
modules cast long shadows. Given the large area demanded with a 60˚ tilt, it will be necessary to do 
further analysis of the trade-off effects of reducing the tilt, and thus reducing the shadow cast, and 
the costs of more PV necessary to meet the load as the production output will decrease with less tilt. 
6.6 Inverter sizing 
Inverters are necessary to convert energy from the PV panels from direct current to alternating 
current and to adjust the voltage (CleanEnergyCouncil 2013).  
 
At least three maximum power point trackers are necessary since there are three different 
orientations of PV, and with different orientation the voltage and current will vary 
(CleanEnergyCouncil 2013). Because it is assumed that the power produced by the PV system will be 
directly consumed in the building, string inverters will be used as these are optimised to feed power 
to low voltage grids, while large central inverters are optimised to feed power to mid and high 








The string inverters used are from  ABB inverter series TRIO20.0/27.6-TL-OUTD with sizes from 20 kW 
to 27.6 kW (ABB 2014). The characteristics for the inverters are given in Appendix 18. The inverters 
have been sized to match worst case conditions. For the maximum voltage of the voltage window the 
lowest hourly temperature given in Figure 17 has been used and for the minimum voltage the 
highest hourly temperature has been used, which also applies for the maximum DC current from the 
systems.  The inverters have been sized to match the PV systems sizes to the load, with a load 
increase of 25 % and 50 %. The full calculation of the inverter sizing analysis is given in Appendix 19. 
The sizing of the inverters for the three different systems, the south east façade, south west façade 












































































Because the system will consist of several small inverters, instead of large central inverters, there is 
no need for junction boxes for protection and monitoring (Leppänen 2014). The system size can also 
be plotted against capacity of inverters needed and a function can be derived from the plot. The plot 
and function are given in Figure 26. 
 
Figure 26: Total capacity of inverters (kW) vs system size (kWp) 
6.6.1 Discussion inverter sizing 
For a PV system which feeds electricity directly into a building, smaller string inverters are preferred 
over large central ones as the large central inverters are optimized to feed electricity into high 
voltage grids, while string inverters are optimised for low voltage grids. For the inverter sizing it is 
necessary to separate the different facades and roof into individual systems as these will have 
different maximum power points as they have different irradiance levels as shown in Figures 9, 11 
and 13. The inverters used are 27.6 kWp each and the amount of inverters needed for each sub 
system at loads of 600 MWh, 750 MWh and 900 MWh are shown in Table 5. To determine the 






Figure 15 were used. It is also necessary to consider the short circuit current of the inverters using 
the maximum temperature. As seen in the Table, the total capacities of the inverters are less than 
the rated output of the PV system, but the voltage window and short-circuit current has been 
considered. This is because it is unlikely that the irradiance will reach 1000 W/m² given the solar 
resource presented in the monthly irradiance Figures 9, 11 and 13, and that the rated output of the 
PV modules are at STC. It will also reduce costs to have less inverters. The inverter capacity needed 
to meet the load at 600 MWh is 248 kW, 138 kW and 221 kW provided by 9, 5 and 8 inverters for the 
south east façade, south west façade and roof system respectively. The inverter capacity needed to 
meet the 750 MWh load was 304 kW, 166 kW and 248 kW, to meet the 900 MWh load inverter 
capacity of 386 kW, 193 kW and 304 kW was needed. The inverter capacity was plotted against 
system size in Figure 26 giving an equation for inverter capacity needed for a given system size:  
 𝑦 = 0.7077𝑥 + 30.615 
 
(13) 
Where y is inverter capacity in kW and x is system size in kWp, keeping in mind that this is given for 
the voltage window and short circuit current of the specific inverter. The equation shows that there 
is a linear relationship between the system size and inverter size. 
 
6.7 System performance simulation 
The above mentioned system and inverter sizes and system configurations is simulated in HOMER 
Legacy version 2.68. The software will determine the system performance based on an hourly energy 
balance calculation for a year.  In the system performance simulation it is assumed that the system is 
connected to the grid as the building is yet to have a daily load profile specified. Also the goal of the 
PV installation is not to supply the entire load but to contribute to achieving current standards 
(Erlandsen 2013). The input to each component in the HOMER simulation is given step by step in 






year, the input is the raw solar resource data and temperature data used in the sizing analysis above. 
The input is the same years 1995-2012, aggregated for each hour of the year. In leap years 29. 
February has been removed, as HOMER will not accept more 8760 data recordings. Because HOMER 
is not able to simulate PV systems with different tilt and azimuth it was necessary to simulate the 
subsystems separately. The simulation data was then exported to Excel and summarised to give a full 
system perspective. HOMER also only considers total inverter sizes, so the sum of inverters for each 
subsystem will be the inverter input. The simulation results for an average year for the different 
system sizes are given in Figures 27, 28 and 29. The Tables containing the data for the Figures are 
given in Appendix 21. 
 







Figure 28: 750 MWh system performance average year HOMER simulation 
 
Figure 29: 900 MWh system performance average year HOMER simulation 
 
In the HOMER simulation it was found that all PV sizes could operate with inverters designed for the 
worst case scenario, as a smaller inverter amount would still have sufficient capacity to operate. 
However HOMER does not consider the maximum voltage window or short circuit current of the 
inverter so the inverter sizes determined above are used in the hourly simulation and feasibility 
analysis. The step by step simulation process in HOMER is given in Appendix 20. In the simulation it 






nominal operating PV cell temperature of 47 ˚C. The PV module specifications are given in Appendix 
12 and 15, the inverter specifications are given in Appendix 18.  
6.7.1 Discussion system performance simulation 
When the system and inverter sizes have been determined the production in an average year can be 
simulated. For this HOMER has been used as hourly data was available for the solar resource and 
temperature and HOMER determines the energy balance for each hour throughout the year. The 
input data was then the average for each hour for both temperature and solar irradiance for the 
same years as used in the solar resource analysis. Because HOMER only can consider one orientation 
and tilt angle at a time the roof, south east and south west façade subsystems were simulated 
separately. The data for each subsystem was exported to Excel and summarised to get total system 
performance for the systems. The performance of the 600 MWh/year system for an average year is 
given in Figure 27. As can be seen from the grand total production of 674 507 kWh/year, the average 
yearly output of the system will be more than minimum, as the system is sized to meet the load in 
the worst case scenario. The output for each month is as expected, with the highest output in the 
spring and summer months May, June, July and August as the solar resource is also highest in those 
months. In Figure 28 the system performance for the 750 MWh/year system for each month is 
shown with the same output pattern only the output increased as the system size increases. The 
system exceeds the minimum output of 750 MWh on average with a production of 842 820 
kWh/year. The same results are achieved for the 900 MWh system as shown in Figure 29 where the 
grand total production is 1 011 429 kWh/year. In the figures for all system sizes simulated, it is 
evident that the variations in output from the winter to the summer months are large. A PV system 







Given that it has been shown that a large total production can be achieved with PV systems on large 
commercial buildings it can be concluded that there is potential for PV systems on commercial 
buildings also as far north as Norway. It would however be difficult to support a base load with such 
a low output as is simulated for the winter months. 
 
6.8 Feasibility analysis with HOMER 
In the feasibility analysis a project lifetime of 25 years is assumed as this is the performance warranty 
of the PV modules. For the component prices no effects of economies of scale were assumed so the 
prices were based on costs per component and increased linearly with the amount of components. 
The roof mounted panels from REC costs AUD 383.13 included GST per 260 Wp panel (Opdal 2014). 
Assuming that the modules represent 45-60 % of total system costs, mounting, labour, wiring etc. is 
assumed to be 50 % to give a worst case assumption, giving a total price per 260 Wp panel of AUD 
766.26 (EPIA 2011). The price per 340 Wp PV module from Ertex is AUD 3502 (Moor 2014). As these 
panels are able to replace façade material the total modules price is then assumed to be the module 
price less the façade material costs. There are also no labour costs assumed in mounting the modules 
as this would have been done with conventional façade materials. The price assumed for façade 
material is AUD 2844 per 2 m2 for double façade of aluminium and glass, assuming that the 
aluminium framework is 25 % of the façade costs. This gives a total module price of AUD 658.12 
(NorskPrisbok 2011). The price per inverter is AUD 5702 (Leppänen 2014). The prices were given in 
Norwegian kroner and Euro  and were exchanged to AUD using exchange rates from 09.05.2014 
(NorgesBank 2014b, a). All prices include GST of 25 % (Skatteetaten 2014). 
 
In the analysis a discount rate of 1.5 % was assumed based on Norges Bank's key policy rate for 2014 







The power produced is assumed to reduce the costs of buying power from the grid at the same price. 
In the feasibility analysis fixed electricity prices were assumed. The electricity price in Norway 
consists of a price of the delivered power, utility rent and a tax on electrical power (Hafslund 2014a). 
The utility rent and price of delivered power are included GST of 25 %. The price constellation and 
total electricity price are given in Table 6. 
 
Table 6: Electricity price and price components (SSB 2014c, Hafslund 2014a, c) 
 
To the price is also added a premium from green certificates, which is a scheme to promote 
renewable energy in Norway (Fonneløp 2014, NVE 2014). The certificates are given per MWh of 
renewable power produced at a value of 36.17 AUD/MWh. For simplicity in the HOMER analysis the 
certificate price is assumed to be 0.04 AUD/kWh. Costs of monitoring devices required for 
participating in the certificate scheme and administration costs are ignored. The cash flows for the 
different systems are given in Figure 30, 31 and 32. The break around year 15 in the figures are 





















Figure 32: 900 MWh system nominal and discounted cash flow simulations HOMER 
 
6.8.1 Discussion feasibility analysis with HOMER 
In Figures 30, 31 and 32 the cash flows for the different systems are shown. It is assumed that the 
electricity rate is fixed and that green certificates are awarded per kWh instead of per MWh. From 
the graph it can be seen that all system sizes have approximately the same payback period both 
discounted and nominal with a nominal payback of 18.7 years and discounted payback of 21.8 years. 
All the systems are paid back over their system lifetime of 25 years, but the systems are not feasible 
as an economic investment. When we consider the different sub systems of the total systems in 
Appendix 22 it is evident that the roof mounted systems have a discounted payback which is longer 
than the lifetime of the system. The façade mounted systems have a nominal payback period of 
approximately 17 years and a discounted payback of 20 years. The assumption that the façade 
mounted PV modules can replace façade material is therefore essential for the system to have a 
payback period shorter than the system lifetime. Because the systems are paid back over their 






 6.9 Associated greenhouse gas reductions 
The emissions per kWh in Norway are assumed to be 283.71 gCO2-e/kWh, this value is based on the 
report "Rapport fra pilotprosjektet Klimanøytral stat" by Agency for Public Management and 
eGovernment  (Difi 2012). The emissions per kWh are assuming the average global warming potential 
for electricity from the grid in Norway without certificates of origin. The relationship between system 
output and emissions reductions is given in Figure 33. 
 
Figure 33:  Emissions reduction vs PV System output 
 
This assumes zero emissions from PV systems and all electricity replaced by the PV system is supplied 
from the grid. 
6.9.1 Discussion associated greenhouse gas reductions 
As can be seen in Figure 33 there is a considerable reduction in greenhouse gas emissions by 
substituting electricity from the grid with electricity produced from PV. This is then assuming an 
emission factor of 283.71 gCO2-e/kWh for electricity from the grid and assuming zero emissions from 
power produced by PV. The emissions reduction by the 600 MWh system is 191.4 t/CO2-e/year, the 
750 MWh system reduces emissions by 239 t/CO2-e/year and the 900 MWh system reduces emissions 
by 287 t/CO2-e/year using the output from the HOMER simulation. By plotting system output in 
MWh/year against emissions reduction, an equation for PV system size and emissions reduction is 






 𝑦 = 0.2837𝑥 + 1𝐸 − 12 (14) 
Where y is emissions reduction in t/CO2-e/year and x is system output in MWh/year. This shows the 
linear relationship between system output and emissions reduction. 
 
It can be derived from Figure 33 that PV applications on commercial buildings can reduce emissions 
significantly and be an important contributor to reaching Norway's emissions reduction goals and for 
complying with the regulations in the EU directive and Norwegian legislation (European Parliament 
2010, Regionaldepartementet 2012). 
6.10 BREEAM analysis 
For the BREEAM analysis Ene-1, the base case kWh/m2 for energy mark C is 145 kWh/m2/year 
delivered energy (NVE 2013, BRE 2012). The case study building NIPH is 42 000 m2 which then 
amounts to 6090 MWh/year for the total building mass. In the following Figure 34 the production 
results from the HOMER analysis are used to established the percentage reduction in delivered 
energy to the building in %.  
 
Figure 34: BREEAM Ene-1 delivered energy reduction % 
 
From the Table in Appendix 6, the 600 MWh and 750 MWh PV systems in an average year will give 3 






achieve a 11 % and 14 % reduction in delivered energy respectively and the 900 MWh system achieve 
17 %. 
 
For Ene-5 it is assumed that the feasibility analysis for the building will be conducted according to the 
BREEAM manual and by an "energy specialist" giving the system 1 credit. The use of recognised 
energy modelling software is assumed. For the second credit it is necessary to calculate the 
emissions reduction provided by the PV systems. The reduction percentage is given in Figure 35. 
 
Figure 35: BREEAM Ene-5 emissions reduction % 
 
It is assumed that the delivered energy to the building is based on energy mark C with 145 
kWh/m²/year of delivered energy. Of the energy delivered 60 % is district heating from Hafslund with 
GHG value of 62 gCO₂-e/kWh. For the remaining 40 % it is assumed to be energy delivered from the 
grid with a GHG value of 278 gCO2-e/kWh according to the BREEAM manual (Hafslund 2014b, BRE 
2012). As can be seen from Figure 35 the emissions reduction due to the PV systems does not exceed 
35 % so 3 credits is not achieved, 2 Credits are achieved for all three systems sizes as reductions are 







The 600- and 750 MWh systems achieves totally 5 credits each as the systems achieve 3 credits in 
BREEAM Ene-1 and 2 credits in BREEAM Ene-5. The 900 MWh system achieve 6 credits totally as the 
system achieve 4 credits in BREEAM Ene-1 and 2 credits in BREEAM Ene-5. The 900 MWh system 
amounts to 25 % and the 600- and 750 MWh systems amounts to 21 % of the possible 16 credits in 
the BREEAM energy section. Of the total 19 % that it is possible to achieve in the BREEAM energy 
section the PV systems achieve 4.75 % and 4 % respectively of the overall BREEAM rating. 
6.10.1 Discussion BREEAM analysis 
The PV systems contribution to BREEAM certification is shown in Figures 34 and 35. The PV system is 
eligible for 24 credits in two BREEAM components under the BREEAM Energy section. Figure 34 
displays the energy delivered reduction in percentage for component Ene-1. The energy delivered 
benchmark is set to be for an office building with energy mark C which is 145 kWh/m2/year of 
delivered energy. Given that the building is 42 000 m2 this gives a total energy delivered of 6090 
MWh/year. With the output from the systems in an average year, the reduction in energy delivered 
is 11 % for the 600 MWh system, 14 % for the 750 MWh system and 17 % for the 900 MWh system. 
The 600 MWh and 750 MWh systems are then eligible for 3 credits and the 900 MWh system is 
eligible for 4 credits. 
 
For Ene-5 three criteria, each with a value of one credit, can be achieved. The first is that an energy 
specialist conducts a feasibility analysis and that the most feasible low emissions energy supply is 
chosen, this is assumed to be achieved giving one credit. The second criterion requires that the first 
criterion is completed and that the low emission power supply results in a 15 % decrease in 
emissions. The third requires that the first and second criteria are fulfilled and that the emissions 







In Figure 35 the Ene-5 emissions reduction (in percentage) is displayed. It is assumed energy 
delivered is for energy mark C, and that 60 % of the energy delivered is from district heating and the 
remaining 40 % is electricity from the grid. District heating in Oslo from Hafslund has global warming 
potential of 62 gCO2-e/kWh and electricity from the grid is as defined by the BREEAM technical 
manual to be 278 gCO2-e/kWh. Given that the emissions from heating have low global warming 
potential the effect of PV system are greater. The emission reduction in percentage is 21 % for the 
600 MWh system, 26 % for the 750 MWh system and 31 % for the 900 MWh system. The total 
amount of credits awarded for the PV systems for Ene-5 is then 2 credits for all systems.  
 
The total contribution to the BREEAM certification from the PV systems is 5 credits for the 600 MWh 
and 750 MWh systems, and for the 900 MWh system, 6 credits. Totally this amounts to 4.75 % of the 
overall rating for the 900 MWh system, while for the 600 MWh and 750 MWh systems it is 4 %. From 
this it can be derived that the most cost-effective contributor to a BREEAM rating would be the 600 
MWh system. It can be concluded that as a contribution for bettering the BREEAM certification, the 
PV system has little significance as the total potential contribution is 16 credits which will amount to 















The results from this study are similar to other studies conducted in the same area of research, 
especially those considering northern Europe. The potential is significant, but PV systems on 
commercial buildings are currently not economically feasible. 
 
From the solar resource assessment and the system simulation conducted with HOMER it can be 
seen that there is a potential for PV systems on commercial buildings, as the load can be met within 
the space limitations for area available for PV for the case study and the systems are paid back over 
their lifetime. However the systems are unlikely be able to meet a base load as the irradiance and 
production is low in the winter months. For the systems to meet a base load a revolution in energy 
storage or very large systems are required. For meeting a production goal, as in the case study, there 
is potential. We can also see that space available for PV on commercial buildings will limit the ability 
to meet an increasing load. 
 
For PV systems to be feasible it is necessary to decrease system prices and increase electricity prices 
from the grid. This is currently the trend (as shown in Figures 3 and 4 in chapter 1), so it is likely that 
the feasibility will increase in the future. The systems can have a payback period less than the 
lifetime of the systems, but this requires that the façade mounted PV can replace façade material.  
The systems are also dependent on the green certificate scheme, even though a scheme more 
directed towards less developed technologies (e.g. feed-in tariffs) would be more beneficial. 
 
The environmental benefits of PV systems on commercial buildings are good, especially in a situation 
such as Norway's where the greatest emissions reductions can be done by reducing the electricity 






systems were adapted to commercial buildings on a large scale, it would increase the possibility for 
achieving the emissions reduction goals of Norway.  
 
The contribution from PV systems on the BREEAM rating is marginal. Other ways to improve the 
BREEAM rating should be prioritised. BREEAM cannot be said to be an important factor for 
implementing PV in commercial buildings, but can have an important role to play in energy efficiency 
rating. By implementing PV to reduce the emissions and to reduce the electricity demand one will 
also gain in BREEAM rating. 
7.1 Further research  
Further work recommended within the field is 
 Consideration of the trade-off between space available for PV on roofs and the tilt angle of 
the modules, and what would be the most cost effective correlation between the two.  
 Determining the most effective policy to enhance the implementation and feasibility of PV at 
the lowest possible cost. 
  A life cycle analysis to determine the total environmental benefits for using PV to reduce 
electricity demand, also considering the GHG emissions associated with the manufacturing of 
PV systems. 
 Using solar resource data from other areas in Norway to map the potential for the entire 
country. Norway is a long country so there are likely to be large differences in potential from 
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Appendix 1 (Method for solar resource assessment) 
John Page's method (Page 2003)  
First step of the calculations is to consider the equation (EOT) of time given by: 
𝐸𝑂𝑇 = −0.128 ∗ sin(𝑗′ − 2.8°) − 0.165 ∗ sin(2𝑗′ + 19.7°) ℎ𝑜𝑢𝑟𝑠   (1) 
where J' is Julian day number in degrees given by n * 360/365.25 where n is the day in the year. 
When equation of time is considered solar time (LAT) can be solved:  
𝐿𝐴𝑇 = 𝐿𝑀𝑇 +
𝜆−𝜆r
15
+ 𝐸𝑂𝑇 − 𝑐 ℎ𝑜𝑢𝑟𝑠   (2) 
where LMT is local mean time, λis the longitude of the site in degrees, λr is the longitude of the time 
zone the site is situated in degrees, c (have ignored the effects of summer/winter time) is the 
correction factor for summer time in hours. When LAT is calculated the hour angle ω can be 
determined: 
𝜔 = 15(𝑡 − 12) 𝑑𝑒𝑔𝑟𝑒𝑒𝑠   (3) 
where t (LAT) is the solar time in hours. In the next step of the calculations it is necessary to consider 
the solar declination δ given by: 
𝛿 = 𝑠𝑖𝑛¯10.3978 ∗ sin [𝐽′ − 1.400 + 0.0355 ∗ sin(𝐽′ − 0.0489)]   (4) 
where J' is expressed in radians. When the solar declination is considered for the different days of the 
year the solar altitude angle 𝛾𝑠 can be obtained from: 
𝑠𝑖𝑛 𝛾𝑠 = 𝑠𝑖𝑛𝜙 𝑠𝑖𝑛𝛿 + 𝑐𝑜𝑠𝜙 𝑐𝑜𝑠𝛿 𝑐𝑜𝑠𝜔   (5) 
𝛾𝑠 = 𝑠𝑖𝑛¯¹(𝑠𝑖𝑛 𝛾𝑠)   (6) 
where ɸ is the latitude of the location. The solar azimuth angle αs is determined from: 
cos αs = (𝑠𝑖𝑛𝜙 𝑠𝑖𝑛𝛾𝑠 − 𝑠𝑖𝑛𝛿)/(𝑐𝑜𝑠𝜙 𝑐𝑜𝑠𝛾𝑠)   (7) 






If sin 𝛼𝑠 < 0 then 𝛼𝑠 = −𝑐𝑜𝑠¯
1 (cos 𝛼𝑠 ), If sin 𝛼𝑠 > 0 then 𝛼𝑠 = 𝑐𝑜𝑠¯
1(cos 𝛼𝑠). When solar azimuth 
angle is obtained the wall solar azimuth angle 𝛼𝐹 can be obtained from: 
𝛼𝐹 = 𝛼𝑠 − 𝛼   (9) 
where α is the azimuth angle of the surface and αF is the solar azimuth angle. If αF > 180˚ then αF = αF 
- 360˚, if αF < 180˚ then αF = αF + 360. When wall solar azimuth angle is obtained the angle of 
incidence ѵ(β,α) can be calculated:   
ѵ(β, α) = cos¯1(cos 𝛾𝑠 𝑐𝑜𝑠 αF sin 𝛽 + 𝑠𝑖𝑛 𝛾𝑠 cos 𝛽)   (10) 
where β is the tilt of the surface. A negative value implies that the surface is behind the surface with 
photovoltaic, giving no power output. The next steps in the calculations is to determine G(β,α) = 
B(β,α) + D(β,α) + R(β,α). First step is to determine B(β,α) which is given by: 
𝐵(𝛽, 𝛼) = 𝐵𝑛 𝑐𝑜𝑠 ѵ(β, α)   (11) 
where Bn is the beam radiation in the horizontal plane. Bn is determined by: 
𝐵𝑛 = (𝐺ℎ − 𝐷ℎ)/ sin 𝛾𝑠   (12) 
where Gh is the measured global horizontal irradiance from NMBU and Dh is the measured diffuse 
radiation. The next step is to determine D(β,α). D(β,α) is given by:  
𝐷(𝛽,𝛼)
𝐷ℎ
= 𝑓(𝛽)(1 − 𝐾𝑏) +
𝐾𝑏 cos 𝜈(𝛽,𝛼)
sin 𝛾𝑠
   (13) 
 
where f(β) is a diffuse function for the slope β where β is expressed in radians. f(β) is given by: 
𝑓(𝛽) = 𝑐𝑜𝑠2 (
β
2
) + [2𝑏/𝜋(3 + 2𝑏)][𝑠𝑖𝑛𝛽 − 𝛽𝑐𝑜𝑠𝛽 − 𝜋𝑠𝑖𝑛²(β/2)   (14) 
For northern Europe, which is the case for this application, 2b/π(3+2b) is replaced with 0.00333-
0.4150 Kb – 0.6987 Kb².  
For vertical surfaces the equation for f(β) is reduced to: 
𝑓(𝛽) = 0.5 + [2𝑏/𝜋(3 + 2𝑏)](1 − 0.5𝜋)   (15) 






The clearness index Kb needs to be determined, which gives indication of cloud coverage, fumes and 
dust obstruction.  Kb is obtained from: 
𝐾𝑏 = 𝐵ℎ/( 𝐼₀ sin 𝛾𝑠) = (𝐺ℎ − 𝐷ℎ)/( ∗ 1367 sin 𝛾𝑠)   (16) 
where I₀ = 1367 Wm¯² is the solar constant, ε is correction to mean solar distance on day J. ε is given 
by: 
= 1 + 0.03344 cos(𝐽′ − 0.048869)   (17) 
The last parameter which must be defined is R(β,α) which is the ground reflected irradiation. R(β,α) is 
obtained from: 
𝑅(𝛽, 𝛼) = 𝑟g ∗ pg ∗ Gh   (18) 





















The length shadow casted by the tilted module is given in Figure 5 and 6 where H is the height of the 
module. The area of the shadow is given by A1. The different parameters are calculated: 
𝑘1 = ℎ1 ∗ cos 𝛽 (1) 
𝑘2 = ℎ1 ∗ sin 𝛽 (2) 
where h1 is the short side of the module, β is the tilt of the panel and k1 = H. The shadow casted by 
the module is then calculated: 
𝑆 = 𝐻/ tan 𝛼𝑠 (3) 
where S is the shadow length and αs is the solar altitude angle and H is the height of the module 













Appendix 3 (Method system sizing) 
Clean Energy Council guideline method (CleanEnergyCouncil 2013). 
The energy yield formula is given by: 




𝑃𝑎𝑟𝑟𝑎𝑦_𝑆𝑇𝐶 ∗ 𝑓𝑚𝑎𝑛 ∗ 𝑓𝑑𝑖𝑟𝑡 ∗ 𝑓𝑡𝑒𝑚𝑝 ∗ 𝐻𝑡𝑖𝑙𝑡 ∗ ɳ𝑝𝑣𝑖𝑛𝑣 ∗ ɳ𝑖𝑛𝑣 ∗ ɳ𝑖𝑛𝑣𝑠𝑏
 
Where: 
N = number of arrays necessary to meet the load 
Esys = average yearly energy output of the PV array, in watt hours 
Parray_STC = rated output of the array under standard test conditions, in watts 
fman= de-rating factor for manufacturing tolerance, dimensionless 
fdirt = de-rating factor for dirt, dimensionless 
ftemp = de-rating factor for temperature, dimensionless 
Htilt = monthly irradiation value (kWh/m2) for a selected side, allowing for til and azimuth 
ɳpv_inv = efficiency of the subsystem (cables) between the PV array and the inverter 
ɳinv = efficiency of the inverter dimensionless 
ɳmppt = efficiency maximum power point tracker 
ɳinv_sb = efficiency of the subsystem (cables) between the inverter and the switchboard 






Where N is the number of modules necessary to meet the load. 
ftemp is found by the equation: 







ϒ = value of power temperature coefficient in ˚C 
Tcell eff = average daily cell temperature in ˚C  
Tstc = cell temperature at standard test conditions, in ˚C 
Where 
𝑇𝑐𝑒𝑙𝑙 𝑒𝑓𝑓 = 𝑇𝑎.𝑑𝑎𝑦  + 25˚𝐶 (4) 
























Appendix 4 (Method inverter sizing) 
Clean Energy Council guideline method (CleanEnergyCouncil 2013). 
Minimum Voltage of the voltage window  
The maximum power point voltage should not fall below the minimum operating voltage of the 
inverter when the temperature is at its maximum. The voltage drop in the DC cabling should also be 
considered. 
The de-rating factor for temperature can be adapted to determine the maximum power point 
voltage at a specified temperature: 
𝑉𝑚𝑝_𝑐𝑒𝑙𝑙.𝑒𝑓𝑓 = 𝑉𝑚𝑝−𝑆𝑇𝐶 + [ϒ𝑣 ∗ (𝑇𝑐𝑒𝑙𝑙_𝑒𝑓𝑓 − 𝑇𝑆𝑇𝐶)]    (6) 
Where: 
Vmp_cell.eff is maximum power point voltage at effective cell temperature, in volts 
Vmp-STC is maximum power point voltage at STC, in volts 
ϒv is the voltage temperature (Vmp) coefficient in volts per ˚C 
Tcell_eff is the cell temperature at specified ambient temperature, measured in ˚C 
TSTC is the cell temperature at STC, measured in ˚C 
The effective minimum voltage input at the inverter for each module in the array, Vmin_mpp_inv using 
the above equation. 
When Vmin_mpp_inv has been solved for the minimum number of modules in the string to the inverter 






Vinv_min is the minimum inverter input voltage 







The Mpp voltage increases with increasing irradiance. The array in Oslo would be operating usually at 
irradiance levels below 1000 W/m2 so the actual Mpp voltage is reduced. 
The number of arrays per string should be selected so that the maximum voltage at the highest 
temperature expected or measured is above the minimum voltage operating window for the 
inverter.  
Maximum voltage of the voltage window 
The maximum voltages of the array would be achieved during the coldest daytime temperatures so 
high voltage can be expected in Oslo. The open circuit voltage at the coldest temperatures should 
not exceed the maximum allowed input voltage of the inverter. Open circuit voltage is used in the 
method because it greater than the maximum power point voltage. 
The lowest daytime temperature is used when determining maximum open circuit voltage. 
Maximum voltage for the voltage window is determined by: 
𝑉max _𝑜𝑐 = 𝑉𝑜𝑐_𝑆𝑇𝐶 + [ϒ𝑣 ∗ (𝑇𝑚𝑖𝑛 − 𝑇𝑆𝑇𝐶)] (8) 
where 
Vmax_oc is the open circuit voltage at minimum cell temperature in volts 
Voc_STC is the open circuit voltage at STC in volts 
ϒv is voltage temperature Voc.co-efficient in -V/˚C 
Tmin is the expected minimum daily cell temperature in ˚C 
TSTC which is cell temperature at STC in ˚C 




  (9) 






Appendix 5 (BREEAM energy section sub categories) 
 







































































































































































































































































































































































































































































Appendix 22 (Cash flows HOMER simulation) 
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